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Polarisation in interactions and scattering
Light mesons (S=C=B=0)
The ﬁrst measurements of the beam-target-helicity-asymmetries E and G in the photoproduction of 
ω-mesons off protons at the CBELSA/TAPS experiment are reported. E (G) was measured using circularly 
(linearly) polarised photons and a longitudinally polarised target. E was measured over the photon 
energy range from close to threshold (Eγ = 1108 MeV) to Eγ = 2300 MeV and G at a single energy 
interval of 1108 < Eγ < 1300 MeV. Both measurements cover the full solid angle. The observables E
and G are highly sensitive to the contribution of baryon resonances, with E acting as a helicity ﬁlter 
in the s-channel. The new results indicate signiﬁcant s-channel resonance contributions together with 
contributions from t-channel exchange processes. A partial wave analysis reveals strong contributions 
from the partial waves with spin-parity J P = 3/2+, 5/2+, and 3/2−.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
The excitation spectrum of the nucleon has long been studied 
to understand the non-perturbative regime of QCD, however this 
still remains poorly understood. In particular, constituent quark 
models [1–3] predict signiﬁcantly more states than experimentally 
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SCOAP3.observed [4]. This is sometimes referred to as the “missing res-
onance problem” and is most noticeable for relatively high lying 
states. However, masses and parity orderings of some low lying 
states are also not well reproduced. These deﬁcits also appear in 
present Lattice-QCD calculations and may be due to the fact that 
the models being used are not fully implementing a treatment of 
resonance decay [5]. The inclusion of resonance decays via meson–
baryon couplings may affect both the number and ordering of the 
states [6,7]. under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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mental shortcomings. By far most of the observed states have been 
discovered in pion induced processes and therefore states with 
small πN couplings may have escaped detection [8]. The photo-
production of mesons, in particular non-pionic ﬁnal states, may 
therefore provide a tool to investigate the existence of hitherto un-
observed resonances.
The photoproduction of ω mesons is suitable to address this is-
sue because the reaction threshold lies in the lesser explored third 
resonance region. Furthermore, the ω is isoscalar (I = 0). There-
fore, in s-channel processes, only N∗ resonances (I = 12 ) couple 
to the nucleon ground state, with no interference from ∗ states 
(I = 32 ). This greatly simpliﬁes the complexity of the contributing 
excitation spectrum.
Due to the vector character of the ω meson, at least 23 in-
dependent observables have to be measured to achieve a com-
plete set of observables with respect to the decomposition of 
the reaction amplitudes [9]. This is much more involved than in 
pseudoscalar meson photoproduction where, in principle, only 8 
observables suﬃce, however it is similar to other channels such 
as double pseudoscalar meson photoproduction. It is well known 
that t-channel processes dominate ω photoproduction at high en-
ergies. However, in the threshold vicinity, previous experiments 
indicate that s-channel processes also contribute (see for exam-
ple Refs. [10–12]). Individual double polarisation observables may 
act as sensitive probes to disentangle these processes, even if a 
complete set of observables is not yet available [9].
A comprehensive study of ω photoproduction using an unpo-
larised liquid hydrogen target and the “charged” ω → π+π−π0
decay was performed at CLAS [13,14]. Evidence for contributions 
from s-channel resonances N(1680)5/2+ and N(1700)3/2− was 
found near threshold, and contributions from N(2190)7/2− were 
strongly supported. The data also supported 5/2+ resonance states 
around 1.9–2.0 GeV and 3/2+ states around 1.8–2.0 GeV. The goal 
of the present investigation was to further study the possible role 
of s-channel excitations in the threshold region through the mea-
surement of double polarisation observables. The Bonn Frozen Spin 
hydrogen (butanol) target [15,16] was used in longitudinal polari-
sation mode, in combination with linearly and circularly polarised 
photon beams. The experiments were performed at the ELSA elec-
tron accelerator [17] at the Physics Institute of Bonn University. Us-
ing the CBELSA/TAPS detector setup, the “neutral” decay ω → π0γ
was identiﬁed, which ideally suits the detector capabilities.
The paper is organised as follows. Section 2 discusses the dou-
ble polarisation observables relevant to this study. The experiment 
is brieﬂy described in Section 3 and the data analysis in Section 4, 
before the results are presented in Section 5. The paper concludes 
with a summary and outlook in Section 6.
2. Double polarisation observables and the mechanism of ω
photoproduction
It is mandatory to understand the reaction dynamics in order 
to extract resonance information from ω photoproduction. At high 
photon energies, ω production is dominated by diffractive scatter-
ing. The ﬂuctuation of the incoming photon into a qq¯-pair produces 
the vector meson in the vicinity of a strongly interacting recoil 
partner, mediated through the exchange of natural parity quantum 
numbers of the Pomeron (Fig. 1 (left)). The cross section shows 
a characteristic exponential fall off with squared recoil momen-
tum, t . Signiﬁcant unnatural parity π0-exchange (Fig. 1 (middle)) 
has been expected due to the sizeable ω → π0γ decay (8.3%
branching ratio) and was indeed reported [14,18]. Meson exchange 
models of ω photoproduction [19] have predicted dominant pion 
exchange processes near threshold (for photon beam energies less Fig. 1. ω production via t-channel 0+ (Pomeron) exchange (left), t-channel π0 ex-
change (middle) and s-channel intermediate resonance (right).
than 2 GeV), however a recent partial wave analysis ﬁnds a negli-
gible contribution (see below). Neither Pomeron nor π0-exchange 
however, are able to reproduce the strong threshold energy depen-
dence of the cross section and the observed ω decay angular distri-
bution (see for example Refs. [14,20]). This may suggest s-channel 
contributions (Fig. 1 (right)), which is further corroborated by mea-
surements of the photon beam asymmetry,  [10,11].
2.1. Circularly polarised beam
For the combination of circularly polarised beam and longitudi-






(1− Pγ P zT E) . (1)
σ0 denotes the unpolarised cross section, Pγ the degree of cir-
cular beam polarisation, and P zT the degree of longitudinal target 
polarisation. E is the beam-target helicity asymmetry. The sensi-
tivity of E to the reaction mechanism is shown in Ref. [21] in 
an intuitive way: For vector meson photoproduction, it is impor-
tant which hadron couples to the polarised photon. In the case 
of Pomeron or π0-exchange (Fig. 1 left and middle), the photon 
couples to the vector meson directly but not to the polarised tar-
get. With no angular momentum exchanged in the t-channel, this 
leads to a zero beam-target asymmetry. Conversely, in the case 
of s-channel production, the photon directly couples to the po-
larised nucleon. In this case, the helicity asymmetry will reﬂect 
the projection onto the beam axis of the spin of the intermedi-
ate s-channel state. Such a behaviour is predicted in Ref. [9]. In 
the case of mixing Pomeron and π0 exchange, E may also be non-
zero, with a linear dependence in cos θωCMS [9].
2.2. Linearly polarised beam
Combining a linearly polarised beam and longitudinally po-
larised target, using the notation of Ref. [9], the two beam-target 
asymmetries G and Gπ can be extracted. G is the target asym-
metry associated with the azimuthal asymmetry of the produced 
ω-meson, and Gπ with that of the π0 of the neutral decay.
Previous data for ω photoproduction at the CBELSA/TAPS-
experiment were taken using an unpolarised target. Spin density 
matrix elements were extracted from this data and the results are 
described in Ref. [22].
3. CBELSA/TAPS-experiment
Electrons from ELSA with an energy (E0) of 2.4 and 3.2 GeV 
(for circular or linear polarisation respectively) were used to pro-
duce photons via bremsstrahlung off a thin radiator. To measure 
the photon energy, electrons which radiated a photon were mo-
mentum analysed using a magnetic dipole (tagging-) spectrometer, 
covering a photon energy range of Eγ = (0.175 − 0.98)E0 [23].
Longitudinally polarised electrons were used to produce circu-
larly polarised photons. A Møller polarimeter was integrated into 
the tagging spectrometer, using a 20 μm thick magnetised foil 
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Møller target. Symmetric Møller pairs emitted perpendicular to the 
dispersive plane of the tagging spectrometer were momentum se-
lected by a pair of lead-glass detectors behind the tagger magnet. 
With this setup the electron beam polarisation was measured to 
between 60–65% during the duration of the data taking, with a 
relative uncertainty of approximately 2% [24]. The degree of polar-
isation transfer from the beam electron to the radiated photon can 
then be calculated [25]. As a guide, using an electron beam en-
ergy of 2.4 GeV, the absolute circular polarisation of the photon 
beam was 40% and 62% at photon beam energies of 1200 MeV and 
2200 MeV respectively.
A 500 μm thick diamond radiator was used to produce lin-
early polarised photons [26]. The radiator was aligned relative to 
the incident electron beam to select the plane of polarisation and 
the energy of the coherent edge. The coherent peaks were set 
at photon energies of 950, 1150 and 1350 MeV. The degree of 
polarisation was determined using the Analytical Bremsstrahlung 
Calculation (ANB) software [27], with a typical maximum degree 
of linear polarisation of 50%, accurate to a relative systematic error 
of 5%. Ref. [28] describes the method of coherent bremsstrahlung 
and the performance of the setup.
The linearly or circularly polarised photon beam was incident 
upon a 2 cm long longitudinally polarised butanol (C4H10O) target 
[15]. The degree of target polarisation was measured via NMR-
techniques and was approximately 70% on average, with a 2% rela-
tive systematic error.
A three layer scintillating ﬁbre detector [29] to identify charged 
particles surrounded the target within the acceptance of the 
Crystal-Barrel calorimeter [30]. This calorimeter consisted of 1230 
CsI(Tl) crystals, cylindrically arranged around the target and cov-
ering a polar angular range of 30 to 150 degrees. The detector 
was complemented by a forward cone detector of the same ma-
terial, which was assembled with scintillating plates for charge 
identiﬁcation, covering a polar angular range of 11.2 to 27.5 de-
grees [31,32].
The 1 to 12 degrees forward cone was covered by the Mini-TAPS 
detector, set up in a hexagonally shaped wall of 216 BaF2 crystal 
modules, also assembled with scintillating plates for charged par-
ticle identiﬁcation.
The whole setup was able to detect charged as well as neutral 
particles, however it was optimised for the detection of photons. 
The total coverage is about 96% of the whole solid angle in the 
laboratory frame.
4. Data analysis
The ω was identiﬁed through its decay to π0γ . Thus during 
oﬄine analysis, four detector hits were required, corresponding to 
three photons and the proton. The proton (charge) identiﬁcation 
was done using the signals of the inner scintillating ﬁbre detec-
tor or the scintillating plates of the forward cone and the Mini-
TAPS detector. The reconstructed angles of the protons were used, 
however the energy information from the calorimeters was disre-
garded, since the detector response was very different for photons 
and high energy (> 400 MeV) protons.
Timing cuts according to detector resolutions were applied be-
tween the tagged incident photon beam and energy deposits in the 
detectors. The invariant mass of the summed four momenta of two 
of the photons was required to be between 105–165 MeV (a 3σ ﬁt 
due to detector resolutions to the π0 mass). The invariant mass 
of the reconstructed π0 and the other photon was required to be 
within 3σ of the ω mass. There was a small amount of background 
from the γ p → π0p channel, where a π0 decay photon caused an 
extra “split-off” cluster due to the electromagnetic shower in the Fig. 2. Typical π0γ invariant mass distribution of one bin (Eγ = 1300–1400 MeV, 
cos θωCMS = (−0.75) −(−0.5)). Experimental and simulated data labelled inset. Colour 
available online.
crystal. These events were removed from the data sample by re-
quiring that the photon not originating from the π0 decay had an 
energy greater than 200 MeV. Further kinematic cuts were applied 
in order to ensure longitudinal and transverse momentum conser-
vation.
After all selection cuts, a π0γ invariant mass spectrum as 
shown in Fig. 2 was obtained. Monte Carlo simulations of signal 
and background events showed that the dominating background 
channels originated from π0 and 2π0 production. In the ω invari-
ant mass range however, only 2π0 was signiﬁcant for all beam 
energy and polar angle bins. These background events also carried 
sizeable asymmetries, which needed to be corrected for. A dedi-
cated analysis of this channel was performed to extract the asym-
metry for every kinematic bin. The fraction of 2π0 background 
under the ω mass peak was determined by ﬁtting Monte Carlo 
spectra to the experimental data as in Fig. 2. The asymmetry from 
the 2π0 background was then scaled accordingly and subtracted 
to leave the asymmetry from the ω channel.
The beam-target-helicity asymmetry, E , was extracted by the 
combination of the two different datasets, with either parallel data 
(N↑↑), when the beam and target polarisations point in the same 
direction, or antiparallel data (N↑↓), when the polarisation direc-
tions are opposite:
Pγ P zT E =
N↑↓ − N↑↑
N↑↑ + N↑↓ (2)
The beam-target asymmetry using a linearly polarised beam, G
(and Gπ when measuring the asymmetry of the decay π0) was de-
termined by measuring the yield (N) as a function of the azimuthal 
angle between the meson and the target polarisation direction (ψ ). 
This was repeated for two different azimuthal directions of beam 
polarisation (φγ ,l = +450, −450) and either target polarised paral-
lel (P Tz ) or antiparallel (P
T−z) to the beam direction. G was then 
extracted from a combined asymmetry of the four combinations:
−Plγ P zT G cos(2ψ) =
[N(+450, P Tz ) + N(−450, P T−z)] − [N(+450, P T−z) + N(−450, P Tz )]
[N(+450, P Tz ) + N(−450, P T−z)] + [N(+450, P T−z) + N(−450, P Tz )]
(3)
The polarised target provided a complication to the analy-
sis. The frozen spin butanol (C4H10O) target [16] contained the 
polarised hydrogen atoms in which the atomic electron polari-
sation was transferred dynamically to the free protons. A mean 
polarisation, monitored via NMR techniques, of about 70% was 
reached. The protons bound in the carbon and oxygen nuclei how-
ever remained unpolarised. The contribution of the bound protons 
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angular difference of the detected proton and the calculated proton direction (using 
missing momentum techniques) is shown. The curves represent the liquid hydrogen 
data (blue or dark grey solid line), carbon data (red or dark grey dashed line) and 
sum of carbon and liquid hydrogen data (green or light grey solid line) in compari-
son to the butanol data (black squares). Colour available online.
(through quasifree processes) required a correction to the mea-
sured target polarisation by what is referred to herein as the “di-
lution factor”. The effective dilution factor is related to the relative 
contribution of quasifree production, which strongly depends on 
the widths of the applied kinematic cuts, on the energy of the 
beam photon, and on the polar angle of the ω. This contribution 
is determined by separate measurements on carbon and hydrogen 
targets. These data are normalised, using the spectra described in 
Fig. 3, so that the butanol distribution agrees with the sum of liq-
uid hydrogen and Fermi broadened carbon distributions [33].
Approximately 225k and 5k events were used to determine E
and G over the measured kinematic ranges respectively. The data 
was distributed towards forward angles due to the diffractive na-
ture of the cross section. The statistical error per kinematic bin has 
contributions from the number of reconstructed ω events, and the 
number of subtracted background from 2π0 events.
The systematic errors consist of uncertainties in the background 
correction, polarisation determinations and the determination of 
the dilution factor. The systematic uncertainty between the relative 
ﬂux of the two polarisation settings was negligible. Furthermore, 
systematic effects concerning the analysis conditions by the vari-
ation of kinematic cut ranges were studied. Individual systematic 
uncertainties were added linearly for a conservative estimation of 
the ﬁnal systematic errors.
A more detailed description of the data analysis can be found 
in Ref. [34].
5. Results and interpretation
Data for the beam-target-helicity asymmetry, E , are shown 
in Figs. 4 and 5 for centre-of-mass-energies from 1720 MeV to 
2280 MeV. At forward angles where t-channel exchange is ex-
pected to dominate the reaction, E is close to zero. This is expected 
for pure pion or Pomeron exchange but incompatible with mixed 
pion and Pomeron exchange [9]. At more backward angles, the data 
show a clear nonlinear behaviour in cos(θωCMS), indicating signiﬁ-
cant resonance contributions to the ω production channel.
Data for the observables, G and Gπ are shown in Fig. 6. Both 
observables yield small values in the given mass range, compatible
with zero. The BnGa ﬁt, described below, reproduces the measured 
values.
A partial wave analysis was performed in the framework of 
the Bonn-Gatchina PWA. A large body of data on pion and photo-
induced reactions was included which deﬁnes masses, widths, and Fig. 4. Beam-target-helicity asymmetry, E , as a function of cosθωCMS . Systematic er-
rors are on the abscissa. The event weighted average beam energy and systematic 
error is given for each energy interval, with the energy range given in parentheses. 
The solid line is the result of the Bonn-Gatchina PWA when including this data (see 
text for details). The data are tabulated in Ref. [34].
coupling constants of nucleon and  resonances. New data on ω
photoproduction, which includes differential cross sections, den-
sity matrix elements [22], the beam asymmetry [10,11], and the 
present measurement of the observables E , G , and Gπ were also 
included. The ﬁt returned a χ2 = 2300 for the 2072 data points 
on ω photoproduction. The total cross section receives a large con-
tribution from Pomeron exchange. This contribution rises rapidly 
from threshold and makes up about 50% of the total cross sec-
tion at 2 GeV. Pion exchange has only a small contribution to the 
cross section. Depending on the form factor used, the contribu-
tion is between 5–10% when ﬁtted as a free parameter, however 
it can be forced to 20% without deterioration to the description 
of the data [35]. In addition, the production of baryon resonances 
is found to be important. Below 1.9 GeV, the J P = 3/2+ partial 
wave provides the strongest contribution. If this partial wave is 
not included in the ﬁt, χ2 increases by 512 units. A J P = 5/2+
partial wave is found which is also required to describe the data 
reported in [13,14]; solutions without this contribution are worse 
in χ2 by 460 units. The contributions from the J P = 3/2− par-
tial wave improve the ﬁt by 331 units in χ2. Within the frame-
work of the PWA, u-channel contributions were found to be weak. 
A full account of the partial wave analysis, the nucleon resonances 
H. Eberhardt et al. / Physics Letters B 750 (2015) 453–458 457Fig. 5. Beam-target-helicity asymmetry, E , as a function of photon beam energy (the 
same data as in Fig. 4). Systematic errors are on the abscissa. The solid line is the 
result of the Bonn-Gatchina PWA when including this data (see text for details).
Fig. 6. Polarisation observables, G and Gπ versus cos(θωCMS) at an average beam en-
ergy of 1213 ± 13 MeV (over a range of 1108–1300 MeV). Systematic errors are on 
the abscissa. The solid line is the result of the Bonn-Gatchina PWA when including 
this data (see text for details). The data are tabulated in Ref. [34].
contributing to γ p → ωp, and N∗ → ωN branching ratios will be 
given elsewhere [36].
It is interesting to note in Fig. 5, the structure in E at a beam 
energy of approximately 1650 MeV, where there is evidence of a 
change of sign from negative to positive at cos(θωCMS) = +0.125 and 
a peak like structure at cos(θωCMS) = −0.375 and −0.125. This is 
close to the K ∗ threshold, where a cusp-like structure was ob-served in K 0+ photoproduction [37,38]. It was speculated that 
the structure in the K 0+ channel may be related to K ∗ t-channel 
mechanisms, or dynamically K ∗-hyperon quasi bound states [39].
6. Summary and outlook
The ﬁrst measurements of the double polarisation observables 
E , G , and Gπ for γ p → pω have been reported. The beam-target-
helicity asymmetry E was measured from threshold to a photon 
energy of 2300 MeV, and G and Gπ were measured at a sin-
gle bin in photon energy at 1108 < Eγ < 1300 MeV. The results 
clearly show that s-channel contributions, in addition to the ex-
pected t-channel contributions, have signiﬁcant importance in ω
photoproduction close to threshold.
A ﬁt to the data within the framework of the Bonn-Gatchina 
partial wave analysis requires signiﬁcant contributions of the par-
tial waves with J P = 3/2+, 5/2+ , and 3/2− to ω photoproduction.
A possibility to improve statistics in the ω channel is to exploit 
the mixed charged decay (ω → π+π−π0) with a branching ratio 
of 89.2% [4]. This cannot be done within the present CBELSA/TAPS 
setup but will instead be pursued with the new BGO-OD experi-
ment [40,41,21] at ELSA. The BGO-OD experiment will also be used 
to analyse other vector meson channels (for example φ and K ∗
production) off the proton and neutron, in order to study t-channel 
exchange processes and the contributions from nucleon resonances 
in greater detail.
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